ABSTRACT: Globally, north-south gradients in diversity are well known, and in the world ocean they have been related to north-south gradients in water column structure. Here diversity in planktonic ciliates, both taxonomic and morphological, is explored in the Mediterranean Sea, which displays west-east gradients in the water column characteristics of chlorophyll concentrations and distributions. Tintinnids, which are loricate planktonic ciliates, were enumerated and identified in samples from 23 stations between 2 and 32°E, obtained from the Catalan Sea in June 1993 and from a crossMediterranean transect in May-June 1996. From west to east, concentrations of tintinnids showed little variability, while numbers of species and genera, as well as diversity indices (H ' values), increased. These parameters were positively related to depths of the chlorophyll maximum layer and negatively correlated with chlorophyll concentrations. Corresponding to the west to east increases in diversity were increases in community averages of lorica oral diameter and overall length, again positively correlated to deepening of chlorophyll maximum depths, and negatively related to average chlorophyll concentrations. Morphological diversity was related to species diversity, not as variability in lorica oral diameters, but as variability in average lorica length. In the Mediterranean Sea, a gradient of taxonomic and morphological diversity is relatable to a specific feature of the water column, the depth of the chlorophyll maximum layer. Trophic specialization as a dominant mechanism underlying diversity was not supported by data on lorica oral diameters.
INTRODUCTION
Tinitinnid ciliates are a common, and due to their loricas, distinctive component of plankton communities, which explains why, among ciliates, they have long been catalogued in plankton collections and the subject of taxonomic monographs (e.g., Jörgensen 1924) . In the 1970s, the development began of an extensive literature on their ecology due to the 'changing paradigm' of planktonic food webs (Pomeroy 1974) . The paradigm focused atttention on pico-and nanoplankton; tintinnids, as consumers of pico-and nanoplankton, were recognized as potentially important in marine food webs.
Investigations of feeding revealed that tintinnid ciliates ingest a large variety of pico-and nano-sized prey, ranging in size from about 2 µm to particles about half the diameter of their lorica oral openings (e.g., Spittler 1973 , Heinbokel 1978 , Rassoulzadegan 1978 , Rassoulzadegan & Etienne 1981 , Capriulo 1982 . Complexities in feeding, such as selective ingestion, among different dinoflagellates were shown (e.g., Stoecker et al. 1981) . Field investigations suggested that tintinnids could remove large portions (10 to 27%) of daily primary production in some coastal waters (e.g., Heinbokel & Beers 1979 , Capriulo & Carpenter 1983 . Detailed studies were conducted on tintinnid energetics, revealing high potential growth rates even among large species, and high weight-specific excretion rates (e.g., Stoecker et al. 1983 , Verity 1985 , 1987 . Data were gathered from both the field and lab showing the efficient explotation of tintinnids by higher trophic levels (Robertson 1983 , Turner & Anderson 1983 , Stoecker & Sanders 1985 .
In recent years however, while ciliate microzooplankton have become acknowledged as playing a pivotal role in most planktonic food webs (e.g., Pierce & Turner 1992) , interest in the ecology of tintinnid ciliates apparently has waned. This is due most likely to findings that 'naked' oligotrich ciliate taxa are generally much more abundant than tintinnids. In a large variety of systems, tintinnid ciliates represent a small fraction (≤10% of cell numbers or biomass) of the ciliate community (e.g., Dolan & Marrasé 1995 , Gifford et al. 1995 , Caron & Dennett 1999 . Thus, the activities of tintinnids such as grazing or excretion are probably much less important quantitatively than those of the naked oligotrich taxa such as Strombidium, Strobilidium, etc. While the tintinnid ciliate component of microzooplankton communities may play a relatively minor role in processes such as carbon flux or nutrient regeneration, they are ideal organisms for the study of changes in the structure or composition of microzooplankton communities (Thompson et al. 1999) . This is because changes in the composition of tintinnid communities can easily be detected as species identifications can be made using lorica morphology. Tinitinnids can be identified by examining specimens in plankton settling chambers; in contrast, identification of naked oligotrichs requires mounting on slides, cytological staining and examination under high magnification (i.e., protargol silver staining; Montagnes & Lynn 1987 .
Previous studies of Mediterranean ciliate microzooplankton, which focused on determination of the magnitudes of ciliate standing stocks, revealed a surprising variety of forms of tintinnid ciliates (Dolan & Marrasé 1995 . A gradient from west to east of increasing tintinnid diversity was apparent based on the number of different species encountered as a function of the number of individuals examined in different Mediterranean basins ). Here a detailed analysis of patterns in tintinnid diversity, based on data gathered from 2 springtime oceanographic campaigns, is attempted.
The interest of establishing diversity patterns among Mediterranean tintinnids is 2-fold. First, for tintinnids some general biogeographic patterns, i.e., cold versus warm water taxa (Zietzschel 1982) , or identification of genera as cosmopolitan, neritic, etc. (Pierce & Turner 1993) , have been established but quantitative data on tintinnid diversity are very rare (Cariou et al. 1999 , Thompson et al. 1999 . Second, the Mediterranean Sea represents an especially interesting system as it can be considered a model of the world ocean, oriented westeast rather than north-south, in terms of both water mass formations and circulation patterns, as well as in gradients of primary production and seasonality of primary production (Bethoux et al. 1998) . Therefore, west to east patterns among Mediterranean taxa provide a means to examine the generality of mechanisms proposed to account for north-south trends found among taxa in the world ocean.
For example, tintinnid diversity was described along a north-south transect in the southwestern Atlantic between 34 and 58°S (Thompson et al. 1999) . The authors presented evidence of a general trend of decreasing numbers of species and specific diversity, attributed to differences in water column structure, as Antarctic waters were approached (Thompson et al. 1999) . In another recent report, Rutherford et al. (1999) found, for the Atlantic Ocean, a close curvi-linear association between numbers of species of planktonic foraminifera and sea surface water temperature, and explained the link as reflecting an association between water column structure and diversity. They found that middle latitudes showed higher numbers of species than both the tropics and high latitude waters and explained this as reflecting the fact that middle latitude water columns are characterised by deep, permanent thermoclines compared to both tropical waters with shallow permanent thermoclines and high latitude waters with seasonal thermoclines; thus, vertical niche seperation was invoked as the basic mechanism allowing diversity (Rutherford et al. 1999) .
Here data are presented on tintinnid diversity in a system which displays a distinct gradient in water column structure in the form of the depth of the chlorophyll maximum layer as well as chlorophyll concentrations. Diversity patterns are explored in terms of taxonomy (i.e., numbers of species, numbers of genera, the Shannon index H ') as well as in terms of morphology (i.e., dimensions of tintinnid loricas).
METHODS AND MATERIALS
Data presented and analysed on tintinnid ciliates are from samples obtained from 2 oceanographic cruises, Mesoscale 93 and Minos. For both cruises, results on overall ciliate community composition and distribution have appeared previously. For the Mesoscale 93 cruise, details of water column characteristics, sampling protocols, and sample processing appear in a report which focused on vertical distribution of ciliate biomass (Dolan & Marrasé 1995) . Here, data from 6 stations between the coast of Spain and the Balearic Islands (between approx. 2 and 3°E) sampled on 14 June 1993 are presented. For the Minos cruise, study details appear in Dolan et al. (1999) , which focused on longi-tudinal trends in ciliate biomass in the Mediterranean Sea. Here, data are presented from the analysis of samples from 17 stations between the French coast (6°E) and the Levantin basin (32°E) obtained from 24 May to 25 June 1996. Station locations and characteristics are given in Table 1 . Below, water column sampling and sample processing for ciliates, which were identical for the 2 cruises, are briefly summarized.
Niskin bottle samples were obtained from 6 to 12 depths between the surface to below the chlorophyll maximum layer. Samples (500 ml) were preserved with acid Lugol's solution (2% final conc.) and stored refrigerated and in darkness, except during transport, until processed. Following the protocol outlined in Dolan & Marrasé (1995) , the 500 ml samples were concentrated using sedimentation to 75-100 ml and aliquots of the concentrate, equivalent to 250-500 ml of whole water, were settled in settling chambers and examined using an inverted microscope. Tintinnids were identified based on lorica morphology using the species descriptions of Balech (1959) , Campbell (1942) , Jörgensen (1924) , and Kofoid & Campbell (1929 , 1939 . Lorica dimensions were measured with an ocular micrometer.
It should be noted that, while tintinnid species identifications are based on lorica morphology because the infraciliature, the basis of alpha-level ciliate taxonomy (Corliss 1979) , is known for very few species (e.g., Choi et al. 1992 , Petz & Foissner 1993 , some tintinnid species are apparently capable of expressing different lorica morphologies (e.g., Gold & Morales 1976 , Davis 1981 , Laval-Peuto 1983 , Wasik & Mikolajczyk 1994 , Wasik 1998 . In the present study, this potential problem should be minor as studies of field populations have rarely shown co-existence of different lorica morphotypes of the same species. Furthermore, no attempt is made here to provide absolute estimates of species richness but rather a comparison of different sites using limited sample volumes.
Chlorophyll concentrations were determined using a Turner Designs fluorometer to measure acetoneextracted chlorophyll retained by GF/F filters for the Mesoscale 93 samples. For the Minos cruise samples, pigments retained by GF/F filters and extracted using methanol were measured using HPLC as detailed in Vidussi et al. (1996) .
For each station, tintinnid data from all depths were pooled. This was done because preliminary analysis of all the stations showed no discernable trends with depth of tintinnid concentrations, species diversity, or community averaged morphological characteristics, similar to our previous findings for the NW Mediterranean (Cariou et al. 1999) . Pooling data also provided a larger number of individuals from which to make population estimates. For each station the following parameters were calculated based on the pooled tintinnid data: numbers of species, numbers of genera, the Shannon diversity index (ln-based), overall community averages and standard deviations of lorica oral diameter and total lorica length. Additional parameters were depth-integrated chlorophyll and tintinnid concentrations calculated using the trapezoidal method and the depth of the chlorophyll maximum simply taken as the depth with the maximum concentration of chlorophyll. The depth of the chlorophyll maximum corresponds closely to the depth of the euphotic zone in the Mediterranean Sea (e.g., Dolan et al. 1999 , Table 1 ). Regression and correlation analyses were run using Statview 6; probabilities for the correlation matrix were calculated using the Fisher r to z method. and while some high concentrations were found in western stations (Fig. 1) , tintinnid concentrations did not show a clear west to east trend. In contrast, the data show a clear west to east decline in chlorophyll concentration (from an avarage of about 450 to 100 ng l -1 ) and increase in depth of the chlorophyll maximum from about 40 to 100 m depth. West to east trends were also evident in measures of tintinnid diversity. From the western-most stations of the Catalan Sea to the eastern stations in the Levatine Basin, the number of species found per station increased from about 10 to 25, and the value of diversity metric H ' increased from 2 to 3 (Fig. 1) . Similar trends were evident for numbers of genera and values of H ' calculated using using generic data (data not shown). There were also west to east trends in metrics of tintinnid morphology. Community averages of lorica oral diameter increased from about 28 to 38 µm and overall lorica length increased from 70 to 140 µm (Fig. 2) . Variability in morphology within tintinnid communities also appeared to increase from west to east as indicated by larger standard deviations in average lorica length among eastern compared to western stations (Fig. 2) .
Statistical relationships revealed close covariation of several measures of tintinnid taxonomic diversity and morphology with chlorophyll concentration and distribution. The depth of the chlorophyll maximum was positively related to numbers of species, genera, H ' values, average lorica diameter, average lorica length and standard deviations of lorica length. Average chlorophyll concentration was negatively related to the depth of the chlorophyll maximum as well as measures of tintinnid taxonomic diversity and morphology ( Table 2) . Measures of diversity (numbers of species, genera, H ' values) were positively related to average community lorica diameter and length as well as community variability in lorica length but not variability in oral diameter.
Larger scale shifts than station-to-station shifts in tintinnid community composition were examined using a species-area curve. A total of 90 species of tintinnids were found by pooling the data from all 23 stations (Table 3) . Plotting the cumulative number of species as a function of individuals examined from the western to the eastern stations (Fig. 3) showed 2 distinct discontinuities in the relation of 'species as a function of individuals'. The 2 relatively abrupt increases in number of species encountered, presumably indicating faunal breaks, corresponded to the transition from the Catalan Sea to the central western basin and then again from the western basin to the central basin. The Catalan Sea community (Stns 1 to 6) can be described as an assemblage dominated by Stensomella species. In the western basin community (Stns 7 to 14), dominance shifts to Acanthostomella species. With the transition from the western basin to the central and eastern basins, species of the genus Salpingacantha become relatively more important. Table 2 . Top panel shows approximate station locations, station data appear in Table 1 
DISCUSSION
The gradient of 'trophic state' found in the world ocean from high to low latitudes is found in the Mediterranean Sea from west to east, albeit of smaller magnitude. Nutrient concentrations are lower in the eastern compared to the western basins (Bethoux et al. 1992 ) and nutrient limitation increases from west to east (Krom et al. 1991) . Chlorophyll concentrations and primary production decline from west to east (e.g., Antoine et al. 1996 , Williams 1998 ). In the Mediterranean Sea, diversity among tintinnids, measured as numbers of species, genera, or H ' values, increases from west to east with declines in chlorophyll concentration and the depth of the chlorophyll maximum layer (Fig. 1, Table 2 ).
Both the general trend and magnitude of the diversity gradient (an increase from 10 to 30 species with a chlorophyll decrease from about 400 to 100 ng l -1 ) agree with the few comparative data which exist from the Atlantic. Specifically, along a south to north transect of 16 stations between 58 and 34°S at about 53°W in the austral spring, numbers of tintinnid species per station increase from 9 to 34 and correspond with decreases in average chlorophyll concentrations from approximately 1000 to 200 ng l -1 (appendix species list and Fig. 2 in Thompson et al. 1999) . Similarly, recently constructed maps of the species abundance of planktonic foraminifera show, for the same area of the Atlantic Ocean, a south to north increase from about 10 to 20 species ( Fig. 2a in Rutherford et al. 1999) .
For planktonic foraminifera, large-scale gradients in oceanic diversity are relatable to annual average sea surface temperature, which serves as a proxy measure of water column structure; the relationship is strong enough to permit prediction of numbers of foraminifera species from sea surface temperature alone (Rutherford et al. 1999) . Somewhat surprisingly, the relationship established for foraminifera between annual average sea surface temperature and species abundance (presumably annual as well) provides relatively robust estimates of tintinnid species abundance in the SW Atlantic during the austral spring, using water temperature at the time of sampling, in waters ranging from about 0 to 20°C (Fig. 4) . However, not surprisingly, in the Mediterranean, as sea surface temperature in early summer varies within a very narrow range (17.5 to 23°C; see Dolan et al. 1999) it is a poor predictor of species abundance. Nonetheless, tintinnid species diversity in the Mediterranean is clearly relatable to water col- Table 2   Table 2 . Correlation matrix of biological variables: number of species (# sp.), number of genera (# gn), Shannon species diversity index (H '), community average lorica oral diameter (LOD), standard deviation of LOD (LOD SD), community average lorica length (LL), standard deviation of LL (LL SD), average chlorophyll concentration (Avg chl) and depth of the chlorophyll maximum (Chl max. Z ). For all correlations, n = 23, values in bold are significant at probability levels of *0.05, **0.01, ***0.001 or ****0.0001 # sp.
# umn structure, measured directly as depth of the chlorophyll maximum. Given that tintinnids are typical of the plankton, west-east differences in water column structure in the Mediterranean appear to be accompanied by differences in planktonic diversity, much like the north-south gradients of oceanic systems.
While the existence of diversity gradients in oceanic plankton is well known (e.g., Rohde 1992), our understanding of factors underlying pelagic biodiversity has been described rather accurately as 'vague' (Smetacek 1996) . Thus, the paradox of planktonic diversity (Hutchinson 1961) remains to a large extent paradoxical. Table 3 . Tintinnids species encountered. *Common species (>1% total cells)
For example, increases in planktonic diversity with increasing water column structure have been explained as resulting from the potential existence of a larger number of distinct ecological niches along the vertical axis (Rutherford et al. 1999) . However appealing an explanation this sounds, the underlying mechanism remains undefined and the obvious candidate of trophic specialisation may not be dominant. Analyses of copepod community structures suggest that trophic specialisation may be much less important than predation in maintaining diversity, and predation pressure simply may be stronger in a structured compared to a well-mixed water column (e.g., McGowan & Walker 1979 , Longhurst 1985 . It should be recalled that correlations of environmental parameters with gradients of diversity often have little explanatory power (Rohde 1999) . For example, the north-south gradient in foraminiferal diversity is best correlated with annual average sea surface temperature as are the diversity gradients of marine bivalves of both the epifauna and infauna (Roy et al. 1999 ). Thus, while sea surface temperature may be related to water column structure and the latter may influence planktonic diversity, it is not obvious how water column structure could influence diversity of both surface-dwelling and burrowing bivalves.
Clearly, different mechanisms may act simultaneously or perhaps sequentially, rendering a search for a dominant factor difficult or futile. Nonetheless, it is worthwhile considering lines of evidence, such as shifts in morphologies linked to shifts in diversity, which potentially can help identify important factors influencing diversity.
Overall, in the Mediterranean, diversity increased with the community averages of lorica dimensions (Table 2) . From west to east, community averages of lorica oral diameters increased from about 28 to 38 µm and lorica length averages from roughly 70 to 140 µm (Fig. 2) . Thus, diverse communities were, on average, composed of larger individuals. Interestingly, the differences in morphological characteristics were not large compared to seasonal changes known from single localities. The west-east difference in oral diameter of 10 µm is modest compared to 20 µm, which is typical for seasonal changes in average lorica diameter in a variety of systems, i.e., the Bay of Fundy (Middlebrook et al. 1987) , Narragansett Bay (Verity 1987) , and Jamaican coastal waters (Gilron et al. 1991) .
Seasonal shifts in tintinnid species compositions yield changes in average oral diameter and have been linked to corresponding changes in size of the phytoplankton prey of tintinnids. Thus, the seasonal appearance of larger species occurs with increases in the average sizes of prey available to tintinnids (Middlebrook et al. 1987 , Verity 1987 . However, it is difficult to ascribe west to east increases in oral diameter among Mediterranean populations to changes in average prey size as average prey size likely decreases. Based on phytoplankton pigment data from May-June 1996, average phytoplankton cell size is probably smaller in the east compared to the west because marker pigments characteristic of nano-and picophytoplankton are relatively invariant compared to the west to east declines in chlorophyll stocks . Variability in oral diameters was unrelated to taxonomic diversity (Table 2) , similar to previous findings concerning a single site (Cariou et al. 1999) . In sum, while data on lorica diameters support the idea that trophic specialisation exists among tintinnids (e.g., seasonal changes in linked to changes in prey communities in Narrangansett Bay, Verity 1987), they also suggest that it is not the dominant factor underlying Mediterranean tintinnid diversity.
Among Mediterranean tintinnids, taxonomic diversity is related to morphological variability in the form of lorica length across both large geographic scales Thompson et al. 1999 ) and the Mediterranean Sea during spring (this study), compared to predicted number of species from the 'Species vs Sea Surface Temperature' of Rutherford et al. (1999, their Fig. 2b ) established for foraminifera based on satellitemeasured annual sea surface temperature. The Rutherford et al. (1999) relationship was based on annual averages for sea surface temperature and, although unstated, presumably total foraminifera species present over an annual cycle. Note that the Rutherford model provides reasonable estimates of tintinnid springtime species numbers for the SW Atlantic but not for the Mediterranean, in which surface temperature variation is relatively small. Rutherford model estimates were obtained graphically as no equation was given (Table 2 ) and short temporal scales (Cariou et al. 1999) . Predation was hypothesized as possibly responsible for generating heterogeneity in lorica lengths; the suggestion was based on published data concerning feeding in copepods of the genus Arcartia showing that medium-sized tintinnids may be subject to predation more than small or large tintinnids (Cariou et al. 1999) . Unfortunately, we cannot evaluate the possibility that tintinnids are subjected to different degrees of predation pressure in the western compared to the central or eastern Mediterranean, due to a lack of data on copepod abundances. To our knowledge, a single large spatial scale study has been conducted and concerned only the central and eastern basins in autumn; there was little difference in the copepod abundances or community composition between central and eastern stations (Sioukou-Frangou et al. 1997) . However, in the central and eastern Mediterranean copepod communities, the generally omnivorous or predacious cyclopoid and poecilostomatid copepods, which are likely tintinnid predators, were relatively abundant, similar to tropical communities (Sioukou-Frangou et al. 1997 ).
It should be noted that with regard to diversity it is often difficult to distinguish between explanations and byproducts (e.g., Kolasa et al. 1998 ). Clearly many different mechanisms may underlie diversity in tintinnids and they may be difficult to detect if they operate at small temporal and spacial scales, as is hypothesized to be the case for phytoplankton in the central North Pacific (Venrick 1990 ). However, the general relationship found in oceanic systems linking increased diversity to increases in water column structure holds true for the Mediterranean Sea and diversity appears relatable to a particular water column feature -depth of the chlorophyll maximum.
It is also worth recalling that relationships considered here are of a specific time (seasonal), space (100s of km) and taxonomic scale (species within a single suborder) within a single system. Different relationships concerning diversity are apparent depending on the scales considered. For example, relationships between resource availability and diversity vary with scale. On a geological time scale, plankton diversity has been positively associated with increases in 'trophic state' of seas from an oligotrophic Devonian to the eutrophic Paleozoic (Martin 1996) . In comparing different systems, among present-day freshwater communities, there is a strong negative relationship between nutrient concentrations and diversity of both phytoplankton and zooplankton (e.g., Liebold 1999) . Within a single species, 'cryptic species' (morphologically similar but genetically distinct forms) of the foraminfera Orbulina universe, 3 different forms appear in waters of different chlorophyll concentrations from north to south in the Atlantic Ocean (De Vargas et al. 1999) . Diverse populations (different forms co-existing) occur in areas bracketing relatively low surface chlorophyll concentrations of 100 ng l -1 (De Vargas et al. 1999) .
Can findings with regard to tintinnid ciliates in the Mediterranean be generalized to other planktonic organisms? This remains to be established. Actual species abundance patterns of tintinnids and those predicted for foraminifera appear to be similar in the south Atlantic (Fig. 4) . However, in the Mediterranean Sea, species abundances of foraminifera, in contrast with tintinnids, do not appear to increase from west to east but rather are maximal in the central basin -both in late summer with stratified water columns and in winter when water columns are mixed (Pujol & Vergnaud Grazzini 1995) . Hence it appears that, even among planktonic protists, processes or factors influencing diversity likely differ between groups.
